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Abstract
Background: Glucose is the main inter-organ energy supplying 
metabolite in humans and other vertebrates. In clinical analyses, its 
measurement is probably the most performed and used for diagnos-
tic, monitoring and control of the physiological status. However, 
glucose chemical structure, specially its anomeric forms (ɑ/β), may 
deeply interfere in their own analyses, often resulting in misleading 
results.
Methods: These effects on glucose estimation were studied by using 
a common glucose oxidase/peroxidase based method, in the presence 
or absence of added mutarotase, which speeds up the ɑ/β conversion 
rate. Glucose concentrations were measured in pure standards and 
plasma samples from control and cafeteria diet-fed rats.
Results: The addition of mutarotase resulted in higher glucose read-
ings, independently of glucose concentration and its initial anomeric 
proportions in the sample. In the absence of mutarotase, cafeteria-
fed rats had higher glucose levels than controls, but the differences 
disappeared in its presence, because under experimental conditions, 
a proportion of the α-anomer was not isomerized and thus was not 
measured.
Conclusions: Diet altered the proportion of anomers, suggesting that 
glucose usage by physiological processes affects the anomers’ ratio 
and may have an important metabolic meaning, which deserves a de-
tailed study in addition to the need to correct the methods in use to 
obtain real “total glucose” readings.
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Introduction
In humans, and in most vertebrates, glucose is considered the 
main inter-organ energy substrate. Consequently, its levels are 
highly regulated and monitored. We often take for granted the 
precision and validity of the methods used for its measure-
ment. However, most methods are not fully reliable [1], and 
thus, most experimental glucose measures may not actually 
reflect the true glucose levels. Given its relevance, we ques-
tion whether routine measures suffice to build upon critical 
decisions on diagnostic, control and treatment of malnutrition, 
diabetes, metabolic syndrome and so on.
In the (near) past, glucose was measured chemically, us-
ing its reducing power to develop colorimetric procedures 
(e.g. Fehling, Benedict, Nelson-Somogyi, etc.) [2, 3]; the 
main problems of their use were the need for large samples, 
low sensitivity, chemical interference, and, especially, lack of 
specificity. The use of enzymatic methods solved the specific-
ity question, and often required smaller samples [4]. The most 
effective methods were those based on the use of paired en-
zymes, such as hexokinase/glucose-6P dehydrogenase [5] or 
glucose oxidase/peroxidase (GOxP) [6]. The former, is quite 
specific, with good linearity, sensitive and precise for glucose 
determination [7], although it may be affected by other sugars, 
limiting somehow its full applicability [5, 8]. The other main 
method (GOxP) is, at present, the most commonly used meth-
od for glucose because of its easy use, resilience, precision 
and specificity [7]; and more importantly, its enzymes do not 
react (theoretically) with other monosaccharides [9]. However, 
reducing agents such as ascorbate, bilirubin or urate may inter-
fere [10]. A powerful factor modifying the measurements (of-
ten ignored) is the almost omnipresent catalase. Nevertheless, 
the most critical problem of the method is that β-D-glucose: 
oxygen-1-oxidoreductase (EC 1.1.3.4) acts only on the β-D-
pyranose anomer of glucose [11]. The widespread use of these 
methods, however, relies on its cheapness and robustness. The 
coupled enzymes are easy to produce and are more resistant 
to extreme pH, ion strength and temperature range variations 
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than other possible alternatives [9, 12]. Its extension is largely 
based on the widespread availability of enzymes and adapta-
tion to systems, platforms and other technical developments 
[12]. They have lowered the cost, time and need of special-
ized laboratory equipment, allowing their portability, instant 
response and miniaturization.
In recent decades, powerful separation methods (i.e. those 
based on mass spectrometry) have been developed [13, 14] for 
investigation. However, slowly extending metabolomic stud-
ies showed that α- and β-D-glucose anomers are both routinely 
found in biological samples [15]. The absence of reliable quan-
titative data usually hampers the interpretation of these results.
Free or saccharide-incorporated glucose is regularly found 
in the more stable cyclic form. Glucose anomeric carbon (C1) 
forms a hemiacetalic bond with C5 (pyranose cycle) or C4 
(furanose cycle) hydroxyl groups [16]. For hexoses, pyranose 
forms predominate at room temperature since they are thermo-
dynamically more stable followed by the less stable furanoses; 
open chain is found only in a small proportion.
The spontaneous closing of the ring via hemiacetalic bond 
results in an additional source of isomery on the anomeric 
carbon (C1) (α or β configurations). Most of solid crystalline 
glucose (i.e. obtained from starch) is in the α-D-glucopyranose 
form. However, when dissolved in water yields a mixture of the 
open-chain form (aldehyde) and its four cyclic isomers (Fig. 1). 
In plasma, D-glucose is found essentially as a mixture of two 
anomers (roughly one-third of α-D-glucopyranose and about 
two-thirds as β-D glucopyranose), with practically no furanose 
forms [16, 17]. The interconversion between open-chain alde-
hyde and ring forms is fast, and is affected by the medium con-
ditions. Thus, any aldose may react, in practice, within a short 
time frame as if all of it were in the open aldehyde form [17].
Hexokinase (EC 2.7.1.1) transfers a phosphate group from 
adenosine triphosphate (ATP) to aldo- or ketohexoses, forming 
the corresponding phosphate ester in C6. This carbon is acces-
sible in both glucose anomeric forms; thus hexokinase may 
phosphorylate either α- or β-D-glucose [8, 18, 19], produc-
ing the corresponding anomeric forms of glucopyranose-6P. 
However, yeast glucose-6-P dehydrogenase (the enzyme most 
commonly used in glucose analysis kits) acts specifically on 
β-D-glucose-6-P only. The spontaneous anomerization rate of 
α-D-glucopyranose-6-P at physiological pH is two-fold faster 
than that of free glucose [7, 19]. Thus, the hexokinase/glucose 
6-P dehydrogenase enzyme pair has often been used success-
fully for quantitative glucose determination, under adequate 
medium conditions [5, 19]. The high cost and the conditions 
for analysis have limited the use of this paired-enzyme ap-
proach (Fig. 2).
When solid (α-D-glucose) is dissolved to prepare stand-
ards, it tends to achieve an equilibrium with somewhat more 
β- than α-isomer [20]. When both, standards and samples, are 
exposed to glucose oxidase, the enzyme oxidizes only β-D-
glucopyranose, whilst the α-anomer needs to be previously 
isomerized before oxidation. This interconversion is rather 
slow at physiological pH [21], although the widespread pres-
ence in biological systems of a specific enzyme, mutarotase 
(aldose 1-epimerase: EC 5.1.3.3) [22], speeds up the α-β in-
terconversion. Absent, insufficient (or variable) natural mu-
tarotase, as is obviously the case of deproteinized samples, 
may result in a potentially underestimation of “total” (for 
“true”) glucose. This is due to an incomplete conversion of 
α-D-glucopyranose to the β-D isomer in time for its oxidation 
during the analytical process [23]. The addition of mutarotase 
to the medium [23, 24], accelerates the interconversion, and 
increases the proportion of measured glucose. In the practice, 
however, most current methods “measure” only a large, albeit 
unspecified, portion of the actual glucose present in the sam-
ple. This problem is often overlooked too because the glucose 
in biological samples is compared with standards (often just 
prepared), which anomer proportion (equilibrium) is also af-
Figure 1. Anomeric forms of glucose in solution and its spontaneous or facilitated interconversions.
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fected by time, pH, temperature, etc.
The existence of these problems is well known (textbook 
material) [25, 26], but surprisingly, it is seldom, discussed or 
corrected. This widespread ellipsis results in the scarcity of re-
liable quantitative data on glucose levels, which may seriously 
compromise serial or comparative studies. In order to get some 
insight as to the range of changes expectable from the sources 
of variability indicated in the previous sections, we designed a 
short series of experiments to show the modulatory effects of 
mutarotase on glucose analysis and the eventual advantages of 
its regular use.
Materials and Methods
Samples
Standard glucose solutions were just prepared D-glucose (Sig-
ma-Aldrich, St Louis, MO, USA) standard solution (0, 2.5, 5.0, 
10 mM). No differences were observed with the standards pro-
vided with the kits after storing our standards overnight. The 
effect of different concentrations of mutarotase (#136A5000; 
Calzyme, San Luis Obispo, CA, USA; specific activity 75 
nkat/g protein) was tested with standard solutions.
All animal handling procedures and the experimental set-
up were carried out in accordance with the animal handling 
guidelines of the European, Spanish and Catalan Authorities. 
The Committee on Animal Experimentation of the University 
of Barcelona authorized the specific procedures used (#DAAM 
6911). Institutional Review Board Approval was not required 
at the University of Barcelona
Samples of 10-week-old female and male Wistar rats (Jan-
vier, le Genest Saint-Isle, France) from a study carried out by 
our group [27] were used for the analysis of plasma glucose 
levels. The animals were randomly divided in two groups (n = 
6 for each sex) and were fed ad libitum with either a standard 
diet or a hyperglycemia-inducing simplified cafeteria diet [28, 
Figure 2. Common paired enzymatic reactions used in the specific measurement of glucose. Hexokinase/glucose 6-P dehydro-
genase reaction is represented in dark red, glucose oxidase/peroxidase in blue, and all enzymes involved in green.
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29] for 30 days. All animals had free access to water. The rats 
were housed (in same-sex pairs) under standard conditions. On 
day 30, at the beginning of light cycle, the rats were anesthe-
tized with isoflurane and then killed by exsanguination through 
the exposed aorta using a dry-heparinized syringe. Plasma was 
obtained by centrifugation and kept at -20 °C until processed.
Analytical procedure
Mutarotase solutions were prepared just before each experi-
ment (0.3, 0.5, and 0.7 nkat/L). Glucose standards were also 
prepared fresh a couple of hours before measurement of glu-
cose. Standards and samples were analyzed using a glucose ox-
idase/peroxidase kit (#11504; Biosystems, Barcelona, Spain). 
In all cases, measurements were duplicated, one series receiv-
ing 250 µL of reagent and the other the same volume with 
added mutarotase. Samples, blanks and standards were incu-
bated at 30 °C in 96-well plates. The changes in absorbance at 
490 nm were measured at 30 s intervals for 15 min (or up to 
stabilization) using a plate reader spectrophotometer (ELx808 
Ultra Microplate Reader, Biotek, Winooski, VT, USA).
Statistics
Statistical comparison between groups was carried out using 
one- or two-way ANOVA analyses, and the Bonferroni post-
hoc test for further differences between specific groups, using 
the Prism 5 program (GraphPad Software, La Jolla, CA, USA).
Results
The effects of different mutarotase concentrations on the oxi-
dized glucose percentage using a pure D-glucose standard (10 
mM) are shown in Figure 3. The presence (in excess) of mutar-
otase was found to speed-up the reaction, providing a complete 
Figure 3. Percentage of oxidized glucose with incubation time in the 
presence of varying mutarotase concentrations, using a glucose oxi-
dase/peroxidase method. The data (mean ± SEM) are expressed as of 
an estimated percentage of oxidized glucose of 10 replicates obtained 
from a 10 mM α-D-glucose standard. Black circles: absence of mutaro-
tase; green circles: 0.3 nkat/L of mutarotase; red circles: 0.5 nkat/L and 
blue circles: 0.7 nkat/L.
Figure 4. Estimated percentage of glucose oxidized during incubation 
at different glucose concentrations using a glucose/oxidase assay in 
the presence/absence of mutarotase. The data are expressed as an 
estimated percentage of oxidized glucose (calculated from the absorb-
ance of the combined reaction). Data related to absence of mutarotase 
are represented in blue (line and circles); the data for mutarotase (0.5 
nkat/L) are shown in red (line and squares).
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oxidation of glucose (the curve became asymptotic before 10 
min of incubation, the method-established incubation time). 
The amount of mutarotase used changed little the form of the 
curves. However, in the absence of added mutarotase, the time 
required to achieve a similar reading of glucose levels was di-
lated up to 15 min. The absence of mutarotase implies that not 
all the glucose was oxidized (measured), and consequently the 
overall concentration was underestimated. Mutarotase addi-
tion did not affect the readings of buffer blanks. Further analy-
ses were performed using a fixed mutarotase concentration of 
0.5 nkat/L, derived from this experiment.
The effects of mutarotase were assessed using different 
glucose concentration standards (Fig. 4). Eventually, all D-
glucose seemed to be completely converted to β-D-glucose 
(and then oxidized) in the presence of mutarotase. At 10 min 
of incubation in the absence of added mutarotase, a significant 
part (25±1%, P < 0.0037) of the initial D-glucose remained 
unmeasured due to the slowness of the process of spontane-
ous equilibrium under the (common) experimental conditions 
used. The profiles obtained using three different glucose con-
centrations were almost identical. These results showed, as ex-
pected, that the isomeric ratio of glucose was independent of 
its concentration. Thus, the actual magnitude of the differences 
obtained from relative data may result in marked differences 
when translated to absolute concentrations.
Figure 5 shows the comparative values of plasma glucose 
concentrations of adult female and male rats fed with either 
standard or cafeteria diet, measured in the presence/absence of 
added mutarotase. In all cases, higher absorbances, translated 
also into higher plasma glucose concentrations, were found 
in the presence of mutarotase. On this small sample, no sig-
nificant differences were found for sex. Nevertheless, in the 
absence of mutarotase, diet elicited borderline significant dif-
ferences. This is a common occurrence in the literature, since 
cafeteria-fed rats are considered hyperglycemic when com-
pared to controls fed chow diet.
The higher glucose concentrations of cafeteria fed rats us-
ing the non-mutarotase data, compared with standard diet-fed 
rats, disappeared when mutarotase was present. The estimated 
α-D-glucose proportion (i.e. non-oxidized glucose remnants at 
the end of the analysis) of standard-fed rat plasma (10 min in-
cubation with the coupled enzymes) was similar to that found 
in standard glucose solutions, being in both situations 1.5-fold 
higher than that estimated for cafeteria fed rats. The fact that 
the method of measurement of glucose was apparently “more 
efficient” in cafeteria rats than in controls, suggests the exist-
ence of a different initial proportion of α/β glucose anomers. 
This fact elicits the question of the probable differential dis-
posal rates of glucose anomers depending on diet (or patholo-
gies) related to diet modulation of substrate energy utilization.
Another series of plasma samples were deproteinized us-
ing the classic Somogyi method [30], in order to eliminate any 
possible effect of pre-existing plasma mutarotase [21]. This 
procedure which was widely used in the past for deproteini-
zation was used because the exposure to extreme pH, heat or 
residual chemicals was minimal before analysis of glucose 
levels. No differences in the levels of glucose were observed 
between direct plasma and deproteinized samples (data not 
shown), suggesting that the assumption of a “sufficient” pres-
ence of mutarotase in natural plasma was not enough to mini-
mize (not even fractionally decrease) the analytical problem of 
slow interconversion between glucose anomers.
Discussion
The presence of two main glucose isoforms in plasma and tis-
sues causes differences in reactivity, metabolic use and dis-
posal. Anomeric proportions of glucose in plasma and tissues 
tend to an α/β equilibrium, although β-D-glucose proportion is 
usually higher [16]. The predominance of the β-anomer may 
initially suggest a higher utilization of the α-anomer, although, 
the actual (preferred or exclusive) utilization of glucose ano-
mers in metabolic processes has been sparsely studied. Ini-
tially, α-D-glucose was proposed as a signal for D-glucose 
sensing cells (e.g. α- and β-Langerhans cells and taste buds 
cells) while β-D-glucose has been proposed as main substrate 
for energy production in a number of cells and tissues [21]. 
Later on, several authors found that different tissues showed 
specific preferences for transport or metabolization of the α- or 
β-anomers [31]. Thus, liver [32], pancreas β-cells [33], skel-
etal muscle or adipose tissue [34] seem to prefer α-D-glucose, 
while brain [35, 36], retina [37], erythrocytes and lens cells 
[31, 38] were found to preferably take up β-D-glucose.
These fragmentary findings emphasized the existence of 
Figure 5. Plasma glucose concentrations of female and male rats fed 
with either standard chow or cafeteria diet. Glucose was measured with 
a glucose oxidase/peroxidase method in the absence or presence of 
added mutarotase. The data are expressed as mean ± SEM of six ani-
mals per group. White bars: females (F), orange bars: males (M). Re-
sults obtained in the presence of mutarotase (+) are shown as dashed 
columns; open columns have been used for the groups measurements 
in absence (-) of mutarotase. The numbers in blue at the top of each 
pair of same-sex and -diet columns show the estimated percentage of 
non-measured ɑ-glucose anomer, as a consequence of the absence 
of (enough) mutarotase. Statistical analysis of the differences between 
groups was done using two-way ANOVA. Significant differences were 
found between absence/presence of mutarotase (P < 0.0001). Diet 
elicited significant statistical differences only in the absence of mutar-
otase (P = 0.0477). Significant differences of unmeasured α-anomer 
were found between control and cafeteria groups (P < 0.0001). No dif-
ferences were found for sex.
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a tissue-specific physiology of anomer glucose transport, hint-
ing that cells expressing GLUT1 or GLUT3 may prefer the 
β-anomer and those expressing GLUT2 or GLUT4 may prefer 
the α-form [31]. However, we have not found studies assess-
ing the anomer preferences for the highly regulated GLUT4 
transporter. Recent analyses, however, suggest that in some 
situations glucose anomerization may not be necessary for 
structure recognition by GLUTs [39, 40], since in red blood 
cells, glucose transporter GLUT1 has been found to transport 
α- and β-glucose with similar efficiency [41]. Nevertheless, 
this question may be largely rhetorical, since red blood cells 
have mutarotase bound to membranes and hemoglobin [41] 
thus facilitating a faster interconversion between anomers, 
speeding glucose disposal for the cell’s own metabolic use. 
Notwithstanding, glucose needs of mammal red cells are low 
compared with “standard” nucleated cells, thus enhancing the 
relative importance of mutarotase.
Plasma mutarotase is assumed to speed up the intercon-
version between hexose anomers [22], but we found no effects 
at all, i.e. no differences using fresh or deproteinized plasma. 
Previous studies confirmed that the addition of mutarotase to 
glucose oxidase-based methods increased the glucose readings 
of varied experimental samples [23, 24]. We can assume that 
plasma mutarotase [21] (if any functional activity is present) 
can hardly help significantly speed up the reactions to allow 
for “true” glucose results. In the present study, we have found 
that the addition of enough mutarotase to the coupled glucose 
oxidase/peroxidase enzymes for the measurement of glucose 
allowed a sufficiently rapid anomeric interconversion to get a 
complete oxidation of glucose, resulting in “higher” (in fact 
closer to reality) measurements of glucose, independently of 
its concentration within the method range.
Physiological glucose concentration is (assumedly) a 
well-known entity, around 5 - 6 mM for rats. In our study, the 
animals were (necessarily) anesthetized with isoflurane, a hy-
perglycemic agent [42], which may explain the relatively high 
values found, specially, in standard diet fed rats. In fact, they 
were even higher when mutarotase allowed a more accurate 
estimation. The values obtained were higher than those as-
sumed as physiological, even when anesthesia do not interfere 
[29], and strongly hint at a generalized and systematic under-
estimation of glycemia.
Cafeteria diets are widely used as a non-stressing method 
to induce overfeeding and excessive energy intake, inducing 
obesity and chronic hyperglycemia as part of the development 
of metabolic syndrome [43]. The significant differences found 
in glucose anomer proportion between standard (assumedly 
physiological glycemia) and that of cafeteria fed rats (assum-
edly altered) suggest an alteration of the α/β anomer equilib-
rium in plasma. These changed anomer proportions can affect 
(in an undetermined way and extent) glucose measurements 
when performed in absence of mutarotase. This unexpected 
finding may further compound the series of unknown factors 
when compared to the data of “standards” of pure glucose. The 
consequences may be deeply misleading with respect to the 
evaluation of physiological status, and diagnosis.
The presence of different anomeric forms of glucose, in 
biological fluids may be a consequence of different rates of 
metabolization, and the unknown entity of how much mutaro-
tation takes effect in biological samples, either by mutarotase, 
or spontaneously depending on time, storage, etc. These fac-
tors may provide additional insight on how glucose is used. 
The bioavailability of anomeric forms of an aldose may deeply 
affect the ability of enzymes (and complete biological sys-
tems) to use them as substrates. Glucose is a key inter-organ 
substrate, in practical terms; the effectiveness of the systems 
acting on glucose (transporters, kinases) will be influenced 
by the total glucose levels but also by the proportions of its 
anomeric forms (i.e. glucose available for the cell or system). 
Unfortunately, this factor is almost systematically overlooked, 
ignored or dismissed.
We have routinely added mutarotase to our analyses of 
glucose in the last years [44-47]. The wide differences ob-
served in our studies using different diets must be now contem-
plated from a different point of view, since we now know that 
most studies of glycemia are (probably) underestimations of 
the true values, the problem is that we do not know which ones 
and in which proportion. The finding that diet may change the 
anomeric proportion is in fact much more disturbing, since an 
old line of work (metabolic specificity of glucose anomer uti-
lization) may be asked to return from practical oblivion. First, 
transporter and enzyme preferences or specificities should be 
checked, followed by an analysis in depth of the effects of diet, 
since our data show clearly that underestimation of glucose 
levels may depend ultimately on diet (or inflammation).
In conclusion, the addition of sufficient mutarotase allows 
the common glucose oxidase/peroxidase methods to account 
for practically all glucose present in the samples irrespective 
of their initial anomeric form. This procedure should be made 
extensive to standards. The results shown here hint at a vari-
able underestimation of glucose levels using (at least) one of 
the most common enzymatic methods. It is imperative to revise 
these methods in order to obtain accurate values; and thus allow 
the analysis of possible metabolic differences of anomer speci-
ficity handling under physiological and pathological situations. 
The need for easy to perform quantitative anomeric glucose 
analyses becomes another obviously necessary step to clarify 
most of the present day available data, which reliability may be 
suspect because of the considerable extent of result variations 
and uncontrolled factors described in the present study.
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